D
ELIRIUM IN HOSPITALIZED elderly patients is dangerous, common, and expensive. It is also seriously underdiagnosed and, thus, undertreated. [1] [2] [3] Delirium is an acute confusional state characterized by inattention, impaired cognition, psychomotor disturbances, and a waxing and waning course. It is common in hospitalized older adults, affecting 20% to 50% of patients on general medicine floors, 15% to 53% of postoperative surgical patients, and 70% to 87% of patients in intensive care units. 2, 4 This translates into 11.8 million patients over the age of 65 who are hospitalized annually in the USA with a minimum 15% to 20% chance of developing delirium (2-3 million cases a year).
Delirium is a strong predictor of poor patient outcomes. Patients with delirium have: increased rates of mortality; more complications, such as falls and aspiration pneumonia; longer lengths of hospital stays; persistent cognitive and functional declines; and more frequent institutionalization after discharge. [1] [2] [3] The health and cost consequences of undetected delirium cannot be overstated. In one study, it was shown that incident delirium in hospitals increased length of stay by 7.8 days. 5 In addition, 75% of patients with delirium are discharged into an institutional setting and have over twice the mortality rate. 6 If undetected, delirium adds over $60 000 in health-care costs per delirium patient per year, costing the health-care system over $150 billion annually in the USA alone. 3, 7 Studies show that 30% to 40% of cases can be prevented by using low-tech, high-touch, and costsaving interventions; 3, 8, 9 thus, early identification and diagnosis of delirium is the key for better outcomes. Over the decades since 1990, when the Confusion Assessment Method (CAM) was originally developed as a tool for delirium screening, efforts to identify better methods of screening for delirium largely focused on the development of simpler and shorter questionnaire-style instruments. [10] [11] [12] [13] [14] Although, these instruments have been shown to be sensitive and specific in research settings, the frequency with which these tools must be administered and their subjective nature make them impractical for use in real-world hospital workflows. These tools have been reported to be ineffective and have poor sensitivity (38% to 47%) in busy hospital environments, such as those in an intensive care unit (ICU). 15, 16 Electroencephalography (EEG) is highly useful in detecting delirium. 17, 18 However, it is not practical or timely for screening the high volume of elderly patients admitted. A typical traditional EEG machine is very expensive and not portable. It requires an experienced technician to correctly place 20 EEG leads upon a patient's head. It also requires a specialized neurologist who can interpret the data and write a report, which delays treatment by at least 1 day -a significant delay in treating delirium patients.
EEG signals characteristic of delirium are called 'diffuse slow wave'. The term 'diffuse' indicates that across all 20 leads, the brain wave signals are almost the same, showing low frequency ('slowing'). In fact, slow EEG brainwave signals have been known to be associated with delirium since the 1940s. 19 This fact allows for great simplification in lead placement on the subject's head. Placing only two channels (i.e., bispectral EEG [BSEEG]) on the head will allow for even non-experts to apply the device. This meets a critical need in that specialized neurologists and technicians are not required to perform BSEEG, and it permits mass screening to occur.
The concept of bispectral brain wave monitoring is not unique to us. In the area of anesthesiology, for the last two decades new devices utilizing EEG signals obtained from a few leads attached to a patient's forehead to monitor depth of anesthesia have been gaining popularity -to the point where it is almost standard care for anesthetized surgical patients. [20] [21] [22] [23] For a psychiatric treatment, called 'electroconvulsive therapy' (ECT), the device includes an EEG function from a few leads to monitor seizure activities. Thus, although not currently used in screening for delirium, obtaining EEG signals from limited leads is an established technology.
The usefulness of an EEG using fewer electrodes in delirium research has only recently been systematically demonstrated. One study confirmed the excellent sensitivity and specificity of a limited number of EEG leads rather than the traditional 20 leads for confirming delirium. 24 However, the study did not show the importance of integrating:
1 a device with simplified lead placement suitable for frontline staff application; 2 a device-user interface that incorporates automated signal analysis, eliminating the need for expert interpretation; and 3 a focus on early identification of delirium rather than merely confirming the presence of delirium.
The potential benefits of BSEEG have led us to pursue development of a portable, point-of-care technology suitable for frontline staff to use for early detection of delirium and prediction of poor outcomes. Specifically, we aimed to determine whether power spectral density analysis from limited forehead EEG leads can differentiate confirmed cases of delirium among hospitalized patients.
METHODS Participants
Study subjects were recruited from patients who were admitted to the University of Iowa Hospitals and Clinics between January 2016 and March 2017.
We recruited patients both with and without delirium from the general medicine floor as well as the medical ICU to compare features of brain wave signals obtained using a simplified EEG device. This study was approved by the University of Iowa Institutional Review Board.
Clinical assessment
We assessed baseline cognitive function using the Montreal Cognitive Assessment 25 to evaluate subjects' capacity to consent, and obtained consent from subjects or their legally authorized representative, as appropriate. For baseline dementia, we reviewed hospital records for past diagnosis of dementia. Then we screened for the presence of delirium by administering the CAM-ICU. 10 For the validation dataset, we also assessed the level of potential delirium severity with the Delirium Rating Scale -Revised-98 (DRS-R-98) 26 and used the Delirium Observation Screening Scale (DOSS), 27 which was scored by nursing staff at every shift, and recorded subjects' DOSS values of the most recent shift from the time of our assessment. We repeated CAM-ICU, DRS-R-98, and DOSS every time we obtained EEG recordings. We used all of these screening instruments to capture any possible incident of delirium, and a final decision of delirium category was made by detailed chart review by trained psychiatrists (G. S. or A. C.).
EEG device
Following those evaluations, we placed EEG leads on each patient's right and left side of the forehead with one ground on the center of the forehead, with references on each earlobe to obtain two-channel signals (Fig. 1 ), which were recorded for 10 min (Fig. 2) . For data capture, we used a commercially available, handheld EEG device (CMS2100, Contec, Qinhuangdao, China). We used five electrodes placed on the forehead and earlobes bilaterally to obtain signals from two channels. For disposable electrodes, we used alligator clips with disposable electrode patches (Item #602924, Alligator Clip Lead; Item #388007, Nutab Disposable Electrodes, Rochester Electro-Medical, Lutz, FL, USA).
EEG measurements
We asked patients to close their eyes and relax their jaws, then to sit still during recording as much as © 2018 The Authors Psychiatry and Clinical Neurosciences © 2018 Japanese Society of Psychiatry and Neurology they could. We repeated this process twice a day during their hospitalization, for up to 7 days for most cases, and we terminated testing if no change in mental status was observed after a week. If we observed mental status changes, we continued beyond 1 week to monitor EEG changes over time.
Data was transferred to a secure server for subsequent signal processing.
EEG data quality
For subgroups of the study subjects, we compared the quality of the brain wave signal from our limited-lead EEG device with the brain wave signal obtained from a traditional 20-lead EEG machine from the same patients at the same time. The equivalent quality was confirmed by a single team member who is an EEG expert (T. Y.). Based on the EEG data obtained through this initial study, we established that these EEG were fully functional with respect to their ability to measure brain waves derived from two EEG channels attached to patients' foreheads.
EEG signal processing and analysis
Device EEG data were exported in European Data Format for further analysis. Signal windowing was then performed, whereby each channel of data was extracted and each channel was subsequently divided into 4-s windows. Next, we performed window filtering, with each window of data being interrogated for excessive noise, and those windows with interference being removed from further analysis. Each remaining window was then processed for extraction of the following signal features: power spectral density (PSD) obtained via fast Fourier transformation of remaining windows (Fig. 2) , interquartile range of raw signal amplitude, and root mean square of raw signal amplitude. These features were then aggregated as the medians of all remaining windows. We used PSD ratio (PSDR) to obtain BSEEG score for further analysis.
RESULTS
We first conducted preliminary analyses of the data from a limited number of cases involving patients with and without delirium. Our initial PSDR analysis showed that our EEG device clearly differentiated between patients with and without delirium. The PSDR analysis also detected delirium and the absence of delirium in the same patient at different times (Fig. 3) .
Analysis of the training dataset
We then extended the sample size during an ongoing recruitment effort and 184 EEG recordings were obtained from 45 patients. For this test dataset group, the average age was 74.4 years with an SD of 12.7 years, including 15 male and 30 female subjects. Forty-four of the 45 were Caucasian. A comparison of characteristics between the delirium group and the control group revealed no statistically significant differences other than in regards to the CAM-ICU results (Table 1) . Our initial analysis from test datasets showed that this method differentiated the two groups of subjects (Fig. 4) . With a PSDR threshold of 1.44 (positive ≥ 1.44; negative < 1.44), the performance metrics were as follows: accuracy, 87.5%; sensitivity, 80.0%; and specificity, 87.7%. Our preliminary analysis with the present algorithm was successful in differentiating delirium with a receiver-operator curve (ROC) of 0.70 with the test dataset.
Validation dataset analysis
Next, based on the cut-off value of 1.44 from the preliminary results, we tested an independent new set of data consisting of 24 cases for validation. For this validation dataset group, the average age was 76.0 years with an SD of 7.9 years, including 13 male and 11 female subjects. A comparison of characteristics between the delirium group and the control group revealed no statistically significant difference except in regards to delirium screen items, such as CAM-ICU, DRS, and DOSS (Table 1) . When we used maximum EEG score to differentiate positive cases versus negative cases, the performance metrics were as follows ( Fig. 5) : accuracy, 83.3%; sensitivity, 83.3%; and specificity, 83.3%. The area under the ROC was 0.81, and Fisher's exact test twotailed P-value was 0.0033.
DISCUSSION
Our results provide the first evidence of the utility of a simplified, portable, automated EEG with bispectral density analysis for delirium screening. Using such a strategy, our algorithm training data demonstrated the following performance characteristics: accuracy of 87.5%, sensitivity of 80.0%, and specificity of 87.7%. Performance on the validation dataset demonstrated accuracy of 83.3%, sensitivity of 83.3%, and specificity of 83.3%. Compared to traditional EEG, which requires >20 leads placed all over the head of patients by a comparing power spectral density analysis between delirious case (blue) and normal control (black) over 5 days. Although this was analyzed by a simple algorithm, the data clearly distinguish the two cases, as well as the delirious and the recovered state from the same individual. Figure 4 . Data comparing electroencephalography scores based on power spectral density analysis between delirium cases (positive) and normal controls (negative) from a total of 45 subjects. By selecting a cut-off score of 1.44, the two groups were distinguished with an accuracy of 87.5%. trained EEG technician, our system requires only a few leads placed on the forehead, thus requiring minimal training. With only 10 min of EEG signal required and automated signal analysis, rapid screening can be achieved. This is a significant advantage compared to a traditional EEG reading by specialists, which introduces significant delays. This bispectral simplified, EEG (BSEEG) is also an improvement over screening methods currently used in practice, such as questionnaire-style methods, which are prone to subjective variation by examiners.
If our results are upheld with confirmatory studies, then BSEEG will lead to a drastic change in screening and prevention of complications from delirium. Such an approach will significantly improve the targeting of often-limited hospital resources for better patient outcomes with decreased hospital length of stay and associated financial costs.
Our study has several notable strengths. It is the first study showing the usefulness of a small, portable, bedside, point-of-care BSEEG device with simplified lead placement in differentiating delirium states. If this method becomes available for daily clinical practice, we envision it to be helpful for everyday practice to predict, screen, and monitor delirium for large volumes of patients in numerous settings, including inpatients, outpatients, emergency room, nursing homes, and potentially even at home, which would never be possible with a traditional EEG.
This method may have the potential to be used as a fifth vital sign, after heart rate, blood pressure, body temperature, and respiratory rate. Although we used a binary PSDR threshold to differentiate positive and negative, PSDR is a continuous scale, and thus, just like a blood pressure or heart rate, the EEG score can be used as a guideline to assess risk for urgency in terms of outcomes.
The authors acknowledge several limitations of the present study, including a relatively small sample size, which is the nature of such a proof-ofconcept study. Nevertheless, with patients in this study, the technology appears to demonstrate evidence of reliability, and there is much room for the technology to mature to improve such an approach.
Although these preliminary data were established by using clinical data with categories of delirium and controls as the training set and validation set, respectively, it is vital that we test the algorithm among independent cohorts to further validate the algorithm and test for accuracy. Toward that aim, we are extending our current recruitment effort to a new group of subjects.
The goal of the next stage of this line of research will be to prospectively follow those subjects admitted to University of Iowa Hospitals and Clinics to identify the onset of delirium among them. Once we confirm the validity of this method in the prospective study, that result will support our hypothesis that BSEEG with the automated signal-processing algorithm can properly classify patients at risk for developing delirium. This would be important data because it would indicate that this technology can identify patients at risk for delirium; thus, it would provide the opportunity to prevent and address the potentially reversible causes of delirium ahead of time.
